Introduction {#Sec1}
============

Wiskott-Aldrich syndrome (WAS, OMIM\#301000) is a rare X-linked recessive immune deficiency characterized by eczema, microthrombocytopenia, and immunodeficiency^[@CR1],[@CR2]^. It is usually classified by the clinical severity score ranges from 1--2 for XLT, mild WAS patients, and 3--4 for classic WAS. A score 5 is associated with patients developing autoimmunity or malignancies^[@CR3],[@CR4]^. The clinical manifestations are caused by mutations in *WAS* gene (Xp11.22--23), which encodes the WAS protein (WASp). WASp is predominantly expressed in hematopoietic cells. WASp is an Arp2/3 activator that control actin assembly downstream of Cdc42 and Rac activation. WASp deficiency causes dysfunction of actin polymerization, and podosome formation, which results in abnormal cell migration^[@CR5],[@CR6]^.

Defective T-cell function has been believed to be a major cause for immune deficiency in WAS^[@CR7],[@CR8]^. T cells go through development in the thymus, and then egress to the blood stream. T-cell receptor (TCR) gene rearrangement produces TCR excision circles (TRECs) that do not replicate during mitosis and can be detected in newly formed T cells. Therefore, the presence of TRECs in circulating T cells indicates the recent thymic output cells^[@CR9]^. T cell lymphopenia in WAS patients accounting for abnormal T cell proliferation and increased rate of apoptosis has been reported in previous research^[@CR10],[@CR11]^. However, thymic output which is dependent on the normal function of cell migration in WAS has not been examined adequately. Moreover, whether the correlation between thymic output and actin alteration in WAS exists still remains elusive.

In this study, we examined the subsets of T cells in peripheral blood, thymic output and subcellular location of F-actin in T cells from four classic WAS patients and four XLT patients. We also tested the thymic output in WAS knockout (KO) mice. Our results suggest that WASp plays a critical role in thymic output that is highly associated with the subcellular location of F-actin in T cells.

Results {#Sec2}
=======

Clinical characteristics of WAS and XLT patients with Wiskott-Aldrich syndrome {#Sec3}
------------------------------------------------------------------------------

As a representative of classic WAS patients, P1 presented with thrombocytopenia, severe eczema, recurrent respiratory tract infections from 3 days of age. At the age of 6 months, P1 was diagnosed as a classic WAS and sequencing of the WAS gene identified a splice mutation in intron 8 (IVS8 + 1G \> A) that causes exon 8 deletion, resulting in a premature stop signal at amino acid 246. P1 had autoimmune hemolytic anemia (AIHA) with a positive Coombs' test at 10 months. Then P1 received hematopoietic stem cell transplantation treatment (Table [1](#Tab1){ref-type="table"}).Table 1Clinical characteristics of eight patients with Wiskott-Aldrich syndrome.Patient IDAge at sample collectionAge of onsetClinical scoreProtien expressionWAS gene mutationCodon change or predicted splicing abnormalityP16 m3d5 AAbsentIVS8 + 1 G \> APredicted splicing abnormalityP23 m15d3AbsentIVS8 + 1 G \> APredicted splicing abnormalityP31 y36d3Absent923--924dupGCQ310fsX445P42 m2 m3Decreased1040 T \> AL347XP54 y9 m2Decreased257 G \> AV75MP64 y5d2Decreased1453 G \> AD485NP710 m2 m2Normal1453 G \> AD485NP81 y5 m2Normal1315 C \> TR439W

As a representative of XLT patients, P5 was diagnosed with low platelet count (40 \~ 80 × 10^9^/L) at 9 months, and no other clinical manifestations before 4 years old. Mutation analysis revealed a missense mutation in exon 2 of the WAS gene at c. 257 G \> A (V75 M) (Table [1](#Tab1){ref-type="table"}).

Abnormal WASp expression in peripheral blood lymphocytes of patients {#Sec4}
--------------------------------------------------------------------

To investigate if the *WAS* gene mutations of the patients affect WASp expression, we examined the expression levels of WASp in peripheral blood lymphocytes by flow cytometry. The expression levels of WASp were reduced in XLT patient (P5) and more in WAS patient (P1) when compared with that in the normal control, but higher than that of the isotype control (Fig. [1A](#Fig1){ref-type="fig"}). These results can also be seen in other three WAS and three XLT patients and suggest that the expression levels of WASp are inversely related with the severity of WAS (Fig. [1B](#Fig1){ref-type="fig"}). In order to minimize the influence of age on the following analysis, we have plotted the ages from healthy controls(HCs) and WAS patients. Based on the age information of XLT and WAS patients, the corresponding HC1 and HC2 are tightly enough matched for comparison (Fig. [1C](#Fig1){ref-type="fig"}).Figure 1WASp expression in XLT and WAS patients. (**A**) Flow cytometry analysis of the expression of WASp in PBMCs from normal control, WAS patient (P1) and XLT patient (P5). (**B**) The quantification of MFI of WASp from eight patients and healthy controls. (**C**) The age of WAS patients, XLT patients and their respective healthy controls.

Decreased percentages and numbers of naïve T cells in peripheral blood of patients {#Sec5}
----------------------------------------------------------------------------------

Many studies have shown that the T - cell defect as a major cause of the immunodeficiency observed in WAS patients^[@CR7],[@CR8]^. To determine which subsets of T cells that are mainly impaired in these patients, we analyzed the percentages and numbers of T - cell subsets in their peripheral blood and healthy controls (HCs) by using flow cytometry (Fig. [2](#Fig2){ref-type="fig"} [A-C](#Fig2){ref-type="fig"}). We found that WAS patients displayed a profoundly decreased number but normal frequency of CD4^+^ T cells. XLT patients showed a normal frequency but increased number of CD4^+^ T cells within total lymphocytes when compared to HCs (Fig. [2D](#Fig2){ref-type="fig"}). The number of CD8^+^ T cells within total lymphocytes was decreased in WAS patients when compared to HCs. (Fig. [2E](#Fig2){ref-type="fig"}). Furthermore, we found that XLT patients showed a greatly reduced percentage but increased number in naïve CD4^+^ T cells compared to that of HCs, but no difference was observed in WAS patients (Fig. [2F](#Fig2){ref-type="fig"}). The frequency of naïve CD8^+^ T cells was reduced both in WAS and XLT patients, and only the number of CD8^+^ T cells was decreased in WAS patients (Fig. [2G](#Fig2){ref-type="fig"}). There were no differences between WAS, XLT and HCs in the percentages or numbers of the central memory T cells (CM), effect memory T cells (EM) and TEMRA T cells in CD4^+^ T cells or CD8^+^ T cells (data not show). These data suggest that WASp deficiency reduces the naïve T cells in peripheral blood, and this reduction is inversely correlated with the level of WASp expressionFigure 2CD4^+^ and CD8^+^ T naïve cells are reduced in XLT and WAS patients. Flow cytometric analysis of CD3^+^ T - cell subsets in peripheral blood. (**A**) Flow cytometric analysis of CD3^+^ T - cell subsets in a healthy control. (**B**) Flow cytometric analysis of CD3^+^ T - cell subsets in P1. (**C**) Flow cytometric analysis of CD3^+^ T - cell subsets in P5. (**D**) Percentage and number of CD4^+^ T cells in WAS patients (P1-4), XLT patients (P5-8) and age-matched HCs (WAS-HC1, XLT-HC2). (**E**) Percentage and number of CD8^+^ T cells in WAS patients (P1-4), XLT patients (P5-8) and age-matched HCs (HC1, HC2). (**F**) Percentage and number of CD4 naïve T cells (CD4^+^CD27^+^CD45RA^+^) in WAS patients (P1-4), XLT patients (P5-8) and age-matched HCs (HC1, HC2). (**G**) Percentage and number of CD8 naïve T cells (CD4^+^CD27^+^CD45RA^+^) in WAS patients (P1-4), XLT patients (P5-8) and age-matched HCs (HC1, HC2).

Thymic output of T lymphocytes is impaired in WAS and XLT patients {#Sec6}
------------------------------------------------------------------

WASp plays a major role in cell migration by regulating actin polymerization and podosome formation, and we found reduced number of naïve T cells in the WAS patients. Therefore it is highly possible that the thymic output is affected in WAS or XLT patients. To investigate whether WASp deficiency impaired thymic output, we examined the thymic output by using signal joint TRECs (sjTRECs). We ananlyzed the sjTRECs of the patients and found that sjTRECs copies (per 1 × 10^5^ T cells) of WAS and XLT were significantly lower when compared to HCs (Fig. [3A](#Fig3){ref-type="fig"}). To further confirm the results, we examined the thymic output in WAS KO mice by measuring the sjTRECs. We found that sjTRECs copies were significantly lower in WAS KO mice when compared to that of WT mice (Fig. [3B](#Fig3){ref-type="fig"}). These results indicate that WAS and XLT both have abnormal thymic output due to the WASp deficiency.Figure 3sjTRECs is reduced in WASp deficient T cells. (**A**) Copy numbers of sjTRECs per 1 × 10^5^ CD3^+^ T cells from HCs, WAS (P1-4) and XLT (P5-7) and (**B**) from WT and WAS KO mice.

Abnormal expression and subcellular location of F-actin in the T cells of WAS and XLT patients {#Sec7}
----------------------------------------------------------------------------------------------

WASp is a regulator of actin cytoskeleton, which is tightly related with cell migration. Therefore we examined the actin organization in WAS and XLT patients by using immunofluorescence microscopy and flow cytometry upon stimulation with PMA and Ionomycin. We found the MFI or TFI of F-actin determined by NIS-Elements AR 3.2 software on the membrane and in the cytoplasma was reduced in XLT patients and more reduced in WAS patients when compared to control group HC1 or HC2 (Fig. [4A--C](#Fig4){ref-type="fig"}). We took the 3D images of the T cells from HC1, HC2, XLT and WAS patients and quantified the F-actin level of each slice with NIS-Elements AR 3.2 software. We found the F-actin level of each slice in HC1 or HC2 group was significantly higher than that of XLT group, and that of XLT group was also significantly higher than that of WAS group (Fig. [4D and E](#Fig4){ref-type="fig"}). We further examined the mean fluorescence intensity (MFI) of actin during T - cell activation by using flow cytometry. The MFI of actin decreased at 5 min for all the samples, which indicates the actin depolymerization. The MFI of actin increased afterwards until 30 min, which indicates the actin polymerization. At 30 min, we found the levels of F-actin in XLT were decreased and further decreased in WAS compared to that of control group HC1 or HC2 (Fig. [4F](#Fig4){ref-type="fig"}). All these results collectively imply that the degree of actin alteration is inversely associated with WASp expression and indicate the disrupted actin organization may account for thymic output.Figure 4Actin organization is altered in XLT and WAS patients. (**A**) Sorted CD4^+^ T cells from HC, XLT and WAS patients were stained with phalloidin and antibodies specific for pWASP after stimulation with PMA and Ionomycin. Representative images from WAS patients and XLT patients are shown. (**B** and **C**) The quantification of MFI or TFI of actin on the membrane and in the cytoplasm from 100 T cells evenly of 5 HC1s, 5 HC2s, 4 XLT and 4 WAS patients. (**D**) 3D images of T cells stained with pWASP and phalloidin without stimulation from bottom and side view. (**E**) Quantification of the TFI of actin in each slice of T cells from a representative of HCs, XLT (P5) and WAS patients (P1). (**F**) Flow cytometry analysis of the MFI of F-actin of T cells upon stimulation with PMA and Ionomycin from 5 HC1s, 5 HC2s, 4 XLT and 4 WAS patients. Scale bar, 0.25 um. \*P \< 0.01.

Discussion {#Sec8}
==========

In this study, we diagnosed eight patients, four classic WAS and four XLT, with their clinical manifestations and *WAS* gene mutations. We found that WASp expression were absent or decreased in WAS patients and decreased or normal in XLT paitients. We analyzed the percentages and numbers of T - cell subsets in the peripheral blood of eight patients and HCs, and found CD8^+^ T naïve cells of the classic WAS patients were significantly reduced. T cell lymphopenia in patients with WAS has been described before^[@CR10]^. Decreased proliferation and increased apoptosis of WAS T cells has been considered the main reason for T cell lymphopenia^[@CR10],[@CR11]^. Here we examined if altered thymic output may contribute to T cell lymphopenia in WAS. Although the thymus is an essential lymphoid organ for the output of naïve T cells, thymic output has not been measured adequately in WAS^[@CR12]^. To determine the level of thymic output in WAS patients, we examined the sjTRECs of patients and age-matched HCs. We found decrease of thymic output in patients with classic WAS and XLT compared with HCs. Jikina *et al*. previously examined the TRECs copy numbers in one WAS and one XLT patient and found normal TRECs in the WAS and XLT patient when compared to a healthy donor^[@CR13]^. TRECs assay is tightly related with the age and background of the individuals^[@CR14]^. Jilkina *et al*. included only one WAS and XLT and it is difficult to make conclusions with limited samples. Our analysis now include four WAS and four XLT patients and shows reduced number of TRECs in patients. Due to the variability of each individual such as the genetic background and living environment, it is hard to make accurate conclusions sometimes. The TRECs analysis in mice is helpful to guarantee the results from patient samples. In addition to WAS patients, we also detected reduced TRECs in blood T cells from WAS KO mice and found similar results. However, the TRECs copy numbers are not that different between the two HC groups -- this somehow does not correlate to the dramatic differences in T cell numbers. As known, the decrease of TRECs copy numbers is correlated with the reduction of T cell numbers in the periphery, but not the only reason for it. Other factors may contribute such as increased apoptosis.

We examined the mean fluorescence intensity (MFI) and the subcellular location of F-actin in T cells by immunofluorescence microscopy and flow cytometry with or without stimulation. We found the levels of F-actin in T cells of the patients were decreased on the plasma membrane and in the cytoplasm without stimulation. Although the actin goes through depolymerization and polymerization in both WAS and XLT patients like that of HCs, the levels of F-actin in WAS and XLT patients fail to reach that of HCs after stimulation. Previous research shown that thymic output is highly correlated with actin cytoskeleton and a mutation in CORO1A (S401fs) was associated with increased F-actin accumulation in T cells and severely defective thymic output^[@CR15]^. These results suggest that WASp plays a critical role in thymic output, which may be correlated with the disrupted subcellular location of actin in both steady and activation state.

The precise mechanism of how WASp regulates subcellular location of F-actin in T cells and how actin cytoskeleton affects thymic output has been conducted using the WASp-deficient mice. Earlier studies have shown defects in cell migration in WAS patients, suggesting that there could be caused by a general defect of signaling pathways involving the regulation of T cell migration and thymic output. Recently the WASP binding protein (WIP) has been studied in B cells and the absence of WIP lesds to the impairment of CD19 activation following PI3K signaling, which is due to a distortion in the actin and tetraspanin networks that causes altered CD19 cell surface dynamics^[@CR16]^. In T cells, a fraction of total synaptic F-actin selectively generated by WASp in the form of distinct F-actin 'foci' was identified. These foci are polymerized de novo by the T - cell receptor (TCR) proximal tyrosine kinase cascade, and facilitate PLCγ1 activation and subsequent cytoplasmic calcium ion elevation^[@CR17]^. The combination of two-photon microscopy and techniques of cell tracking to directly observe T cell migration in the thymus of WAS KO mice should reveal how migration in thymus leads to altered thymic output in WAS KO mice. It would be interesting to observe T cell migration in the thymus of WAS KO and wildtype bone marrow chimeric mice to investigate whether defects of T cell migration in the thymus of WAS KO mice is T cells intrinsic.

Cell migration is a complicated process that requires orchestrating and coordination of many different molecules in time and space. The actin cytoskeleton plays a major role in this process. Cdc42, Rac and Rho are the Rho subfamily of Ras-like GTPases, which can induce filopodia, lamellipodia and stress fibres in cells. Cdc42 can regulate the actin cytoskeleton through activation of WASp^[@CR5]^. WASp is a critical regulator of actin nucleation, and participates in the transduction of signals from the cell surface to the actin cytoskeleton, through the Arp2/3 complex^[@CR18]^. The VCA domain of WASp is the functional unit that interacts with and activates the Arp2/3 complex to initiate filamentous actin (F-actin) polymerization. The Arp2/3 complex localizes at the leading edge of migrating cells where it nucleates branched actin filaments. In lamellipodia, the WASp-Arp2/3 pathways generate a branched filament array^[@CR6],[@CR19]^. Therefore it would be of interest to study the abnormal behavior of other actin regulators such as Cdc42, Rac and Rho in WAS or XLT patients and to see if the disruption of these actin regulators is coincident with the disrupted thymic output in WAS or XLT patients.

Overall, our study suggests that WASp deficiency may contribute to decreased thymic output in patients with WAS, through the regulation of subcellular location of F-actin in the T cells.

Materials and Methods {#Sec9}
=====================

All experiments involving human and mice samples were approved by the Ethics Committee of the Children's Hospital of Chongqing Medical University, and were performed according to the tenets of the Declaration of Helsinki and Principles of Laboratory Animal Care. All experiments in this study were performed using protocols approved by the authors' institutional usage committee and following institutional and NIH guidelines and regulations.

Patients and samples {#Sec10}
--------------------

Blood samples were collected from four WAS patients (P1-4), four XLT patients (P5-8) and age-matched healthy controls. Informed consents, including both study participation and publication of identifying information, were obtained from all the children's parents.

Nucleic acid isolation {#Sec11}
----------------------

Genomic DNA was extracted from whole blood using the QIAamp DNA Mini Kit (Qiagen GmbH, Hilden, Germany) according to the manufacturers' instructions.

PCR reaction and analysis of WAS gene mutations {#Sec12}
-----------------------------------------------

Genomic DNA samples were amplified with primer pairs designed to span each exon and exon/intron junctions in accordance with the reaction condition as previously described^[@CR3]^. PCR products were sequenced using the automated ABI PRISM 3100 Genetic sequencer (PE Applied Biosystems, Foster City, CA, USA). Mutations were ensured by sequencing in the forward and opposite direction.

Detection of WASp expression {#Sec13}
----------------------------

As previouslty described^[@CR20]^, intracellular WASp expression in Peripheral blood mononuclear cells (PBMCs) was detected by flow cytometry analysis. After fixation and perforation, 2 × 10^6^ PBMCs in each tube were incubated with 0.25 mg/ml purified mouse anti-human WASp mAb (BD Pharmingen) or isotype-matched control mouse IgG2a mAb (BD Pharmingen) at 4 °C for 30 min. Then all the cells were incubated with 1:50 diluted PE-conjugated Rat anti-mouse IgG2a (BioLegend) and reacted at 4 °C for 30 min. The PE- labeled cells was assessed by flow cytometry.

Subsets of T cell by flow cytometry analysis {#Sec14}
--------------------------------------------

Human T cells were surface stained with anti-CD3 Percp-cy5.5, anti-CD4 FITC, anti-CD8 BV510, anti-CD27 APC, anti-CD45RA PE-Cy 7 (Biolegend). CD4^+^/CD8^+^ T cells were sorted as CD3^+^CD4^+^/CD3^+^CD8^+^ cells. Central memory T cells were stained with CD27^+^CD45RA^−^. Effector memory T cells were stained with CD27^−^CD45RA^−^. Naïve T cells were stained with CD27^+^CD45RA^+^. Terminally T cells were stained with CD27^−^CD45RA^+^.

Quantification of signal joint TCR rearrangement excision circle (sjTRECs) {#Sec15}
--------------------------------------------------------------------------

The quantitive measurement of sjTRECs in human CD3^+^ T cells was based on real-time PCR as reported^[@CR21]^. The nuclear DNA samples and the probe (10^8^ copies/ml) undergo a first PCR amplification of 22 cycles using the out primers for both sjTRECs and CD3γ gene in the same reaction. Then the amplified products of probe were diluted by gradient dilution and undergo the second round of PCR to generate the standard curves. The amplified products of DNA samples were diluted by 100 times before conducting the second round of PCR using in primers. All the samples were run in triplicate. All analyzed qRT-PCR assays fulfilled the quality requirements of similar slopes and *R* ^2^ values of 0.99--1.0. Copy numbers of sjTRECs per 1 × 10^5^ CD3^+^T cells were presented.

Mice sjTRECs analysis in CD3^+^ T cells was performed as described^[@CR22]^. We used real-time quantitative PCR (RQ-PCR) to detect sjTRECs in 8 weeks old WAS KO mice and WT mice peripheral blood leukocytes. PCR was performed in a 20 ul reaction, 95 °C for 10 min, the 95 °C for 15 secs, 60 °C for 1 min and 68 °C for 30 secs by 40 cycles. The PCR efficiencies were tested by a standard cueve. CD45^+^ and CD3^+^ subsets in peripheral blood were analyzed by flow cytometry.

Immunofluorescence and flow cytometry {#Sec16}
-------------------------------------

Sorted T cells from the PBMCs of the WAS patient (P1), the XLT patient (P5), and the Healthy control (HC) were incubated with 10 ng/ul Phorbol-12-myristate-13-acetate (PMA) plus 100 ng/ul ionomycin (sigma,Shanghai,China) at 37 °C for indicated times (0, 5, 30 min). Cells were fixed, permeabilized, and stained for pWASP and F-actin. The subcellular location and the mean fluorescence intensity (MFI) of F-actin in T cells were determined by confocal microscopy and flow cytometry. To do the quantification of the actin expression from the images of confocal microscopy, the membrane region of T cells was defined with NIS elements software based on the actin staining. The MFI of actin on the membrane and in the total cell was quantified by NIS elements software, and the MFI of actin in the cytoplasm was obtained from the MFI of actin in the total cells subtracted with the MFI of actin on the membrane.
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